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G R A P H I C A L A B S T R A C T A R T I C L E I N F O A B S T R A C T
New additive manufacturing methods for cementitious materials hold a high potential to increase automation in the construction industry. However, these methods require new materials to be developed that meet performance requirements related to specific characteristics of the manufacturing process. The appropriate characterization methods of these materials are still a matter of debate. This study proposes a rheology investigation to systematically develop a printable strain hardening cementitious composite mix design. Two known mixtures were employed and the influence of several parameters, such as the water-to-solid ratio, fibre volume percentage and employment of chemical admixtures, were investigated using a ram extruder and Benbow-Bridgwater equation. Through printing trials, rheology parameters as the initial bulk and shear yield stress were correlated with variables commonly employed to assess printing quality of cementitious materials. The rheology properties measured were used to predict the number of layers a developed mixture could support. Selected mixtures had their mechanical performance assessed through four-point bending, uni-axial tensile and compressive strength tests, to confirm that strain hardening behaviour was obtained. It was concluded that the presented experimental and theoretical framework are promising tools, as the bulk yield stress seems to predict buildability, while shear yield stress may indicate a threshold for pumpability. 
Introduction
Over the last decades, the employment of automation at construction sites has seen substantial achievements to enhance the productivity of the sector [1, 2] . Management tools have allowed tasks and activities to become more specialized and dynamic, thus providing an environment for shortening of construction time and decreasing construction errors. The employment of machinery to execute tasks on this industry was specially devoted to heavy duties nevertheless, some other activities still rely on the skills of humans.
A relatively recent development has been the introduction of Additive Manufacturing (AM) to the construction industry, also popularly known as 3D printing. AM is a classification of manufacturing technologies that fabricate objects by controlled, often layer-wise, addition of material, rather than by removal of material from a larger piece of bulk material. Generally, robotized equipment is applied that manufacture an object directly from digital design input [3, 4] . For construction, advances are being made AM of polymers [5] , foams [6] , glass [7] , timber [8] and steel [9] .
Developments have been particularly rapid for AM of concretes and other cementitious materials (AMoC) for construction. Technologies under development include the Stereolithography (STL) based D-shape process [10] , Contour Crafting (CC) [11] , Concrete Printing (CP) [12] , 3D Concrete Printing (3DCP) [13] , as well as the vertical extrusion based Smart Dynamic Casting [14] and Mesh Mould [15] , in which a mesh reinforcement acts as the mould. Leaving the phase of showcasing the potential behind, described in a range of publications [16] [17] [18] [19] [20] [21] [22] [23] , AMoC (also referred to as Digitally Fabricated Concrete (DFC), to emphasize the automated production method) has now entered in a period of first real uses [24] , and commercial initiatives abound (e.g. Contour Crafting, Total Kustom, WinSun, CyBe, Apis Cor, XtreeE, Incremental 3D, COBOD, and others). Alternative techniques are also available in which a mould of insulation material is printed and the concrete is cast inside [25] .
This requires the development of a whole new generation of materials to meet both the manufacturing requirements (printability) as well as the mechanical and durability demands of a longlasting. Recent researches have shown the development of cementitious composites with different aggregate particle sizes [16] . In some studies, fibres have been incorporated to stabilize the mixture at fresh state or to minimize the occurrence of cracks due to shrinkage [26] .
However, as has been pointed out by other researchers as well, the different technologies and materials under development still suffer from a major drawback that forms an important obstacle for them to achieve their potential which includes form freedom, reduced material use and labour, decreased CO 2 emissions, and construction speed [27] [28] [29] [30] [31] . The print materials in AMoC, in general, have a low tensile strength compared to their compressive strength. Furthermore, they are usually brittle and thus fail relatively suddenly without large deformations. For structural use in construction, this is unacceptable, as the conventional concepts, such as the use of steel reinforcement bars, are either incompatible with AMoC or eliminate its advantages. A number of innovative approaches have been presented to overcome this problem, like the ones described by [32] [33] [34] . Further research is needed to be able to fully assess their potential and applicability.
Including fibres in the print material is an obvious solution strategy, too. It has been explored by Panda et al. [35] , who compared glass fibres of different lengths (3, 6 and 8 mm) and varying volume percentage of fibres. Both studies reported a significant increase in flexural tensile strength, as well as an orientation effect of the fibres in the direction of the filament flow, but neither discussed the effects on ductility. Moreover, the use of PVA fibres in printable cementitious mortars exposed to fire attack was studied in [36] . In this case the authors have shown not only the advantages of using fibres to enhance ductility but also to minimize the occurrence of spoling. And recently the use of steel fibres to reinforce a printable mortar was also explored in [37] .
Over the last decades, cementitious composites have been developed that exhibit strain hardening behaviour [38, 39] . Their performance is based on an optimized matrix composition, fibre performance, and matrix-to-fibre bond, and are known as Engineered Cementitious Composites (ECCs) or Strain Hardening Cementitious Composites (SHCCs). Significant plastic deformations can be achieved, as well as a high tensile strain, strength, and multiple crack development [40] . Resistance to quasi-static and dynamic loading is generally high [41] . Jointly, this results in favourable structural performance.
First results on the development of printable ECCs have been published by Soltan & Li [42] . Based on considerations of extrudability (indicating the ability of the mixture to pass through a printing system) and buildability (indicating the ability of a mixture to remain stable after depositioning and during printing), that together define the printability, they developed several mixtures with polyvinylalcohol (PVA) fibres. The influence of several ingredients on fresh state workability and processing parameters was investigated. This resulted in at least one mixture that seems printable and shows strain hardening failure behaviour. However, the assessment of fresh state properties was based on the flow factor according to ASTM C1437 and ASTM C230, which is not a true rheological property. Also, the real printability was not truly yet established as only several layers were deposited with a manual piston. Pending a more extensive publication, a brief description of results about the development of a printable SHCC with high-density polyethylene (HDPE) fibres were given by [43] .
The development of printable mix-designs is different from that of castable concretes. The challenges are not restricted to the hardened properties: competing requirements for extrudability and buildability have to be met as well. Globally speaking, the material should be fluid enough to pass through a print system without the use of excessive pressure and the occurrence of ruptures and/or void, while exhibiting sufficient strength and stiffness after depositioning to avoid failure during printing or excessive geometrical deformations. When both these requirements are met, the material can be considered printable.
In order to evaluate the printability, different tests have been proposed, such as the cylinder test [26] , the slump of the fresh mixture in a shape of a cylinder [44] or the slump of the printed layer itself [45] . In general, these tests consist of measuring the slump of the fresh material with or without a certain weight on top of it. However, such empirical tests do not result in true physical properties that describe the rheological or mechanical behaviour of the material. Only recently, first attempts to analyse printability in terms of physical rheology or mechanics properties have been presented [46] . Suitable methodologies are still under development.
The requirements for materials employed in the process of manufacturing an object in AMoC through a processes like 3DCP, are similar to those for extrusion manufacturing, a process that is commonly used for several types of concrete products. Although this has been acknowledged in some reports, the mix-design often does not follow the procedure that is usually suggested in the field of extrusion research [47] . Extruded cementitious mixtures can be considered as solid suspensions. These highly concentrated suspensions usually show dough-like texture. Therefore, the employment of conventional shear-based rheometers is not always suitable. Slippage and plug-forming of the evaluated mixture may lead to unreliable results [48] . Alternatively, a ram extrusion rheometer can be used. Using the pressure measurements from this device, true rheology parameters can be determined through the Benbow-Bridgwater rheology model [49] [50] [51] . A more detailed explanation of the model and the apparatus will be given in Sections 2 and 3.2.
As extrusion techniques are of great importance for the construction industry, the ram extruder proposed by Benbow-Bridgwater was extensively employed to quantify rheological parameters of different materials, amongst which a vast number of ingredients for cementitious composites. Particularly relevant to this study are reports on fibre reinforced mixtures, like the ones found in [48, [52] [53] [54] , with PVA fibres, or in [55, 56] with natural fibres, or even with nano-fibres in [57] . The fresh state properties depend on several factors, like the volume of liquid employed, the particle size distribution, the volume of fibre reinforcement, time, and so on. Furthermore, rheology modifiers are commonly reported to have been used in studies on extruded fibre reinforced cementitious composites.
As SHCCs demonstrate enhanced mechanical performance in comparison to standard concrete or mortar, as well as superior durability properties [58, 59] , the systematic (i.e. based on true properties) development of printable SHCC mixtures can move AMoC forward. Therefore, this research aimed to develop a printable SHCC mix-design based on the rheology properties measured with a ram extruder and determined through the Benbow-Bridgwater model. To understand the meaning of the physical properties on the flowability, visual inspections were performed on the extruded composite. A printability trial was subsequently conducted in a large scale 3DCP facility, on selected mixtures to assess pumpability, extrudability, and buildability. After hardening, several mechanical properties were determined to show that the printable mixtures do indeed result in objects with strain-hardening failure behaviour. Only a limited number of tensile test results are shown here. The full results of the study on mechanical properties in the hardened state will be subject of a future publication.
Theoretical background
Behaving rheologically as a Bingham fluid, cementitious materials can have their yield stress measured. Measuring rheological properties of highly concentrated particle suspensions through conventional shear based rheometers has been shown as not the best approach [48, 60] , and alternatives were given in [49] [50] [51] . The Benbow-Bridgwater model, used commonly to study fluids such as molten plastics, clay suspensions and prefabricated cementitious material, is especially suitable for this work.
In order to evaluate the rheology of composites at the fresh state a ram extruder was employed. The ram extruder is commonly composed of an upper barrel, where the material is introduced first and a connected die land, with smaller diameter, from which the material is extruded at last. A piston, moving downwards, pushes the material from the upper barrel through the die land. Coupling the total pressure drop in the die measured with this device alongside the Benbow-Bridgwater model, a description of the fluid rheology can be obtained. The total pressure drop in the die is composed of the pressure drop of the fluid on the die entry and the pressure drop on the die land. The pressure drop does not take into consideration any pressure drop in the barrel, as it is neglectable [61] . Therefore, the total pressure drop is given by Eq. (1):
where: For the case of extruded paste developing pseudo-plastic behaviour the influence of the extrusion speed on the total pressure drop is not linear. For such cases, the Benbow-Bridgwater model is further enriched with the coefficients m and n, as shown in Eq. (2) [61] .
Rheological characterization of dough-like pastes is especially interesting for extruded materials, as they must keep their shape after being extruded. The resulting rheological properties are also very interesting for printed cementitious composites. Initial shear and bulk yield stresses are physical properties which can help in quantifying important parameters for the AM with counter craft technology. The shear yield stress quantifies the friction of the material moving through the die while the bulk yield stress is an intrinsic material property. These quantities can be related to the main mixture requirements like shape stability and printability. Moreover, these properties can also be useful to estimate the amount of layers the material is able to support.
Experimental methods

Materials and sample preparation
Two SHCC mixtures from [62, 63] were chosen as a departure point for the development of the SHCC mixtures for 3D printing. Both mixtures were reinforced with 2% by volume of polyvinyl alcohol (PVA) fibres. The first mixture matrix was composed of ordinary Portland cement (OPC), blast furnace slag (BFS), and limestone powder (LP), while the second reported mixture is composed of OPC, fly ash (FA) and sand. In order to increase the amount of fines used in the second SHCC, additional LP was used. In Tables 2 and  3 the composition of each mixture are detailed. Initially, the rheology of their matrices (the composite without fibres) was studied. The influence of viscosity modifying agent (VA), superplasticizer (SP), water-to-solid ratio, PVA fibre volume and sand grain size on the fresh state properties was investigated.
The chemical composition of powder materials and their loss on ignition (LOI) can be found in Table 1 . They were assessed by X-ray fluorescence analysis (XRF) and thermogravimetric analysis performed at 10 K/min under Argon atmosphere. The LOI was calculated using the loss of mass between 45 and 1000
• C. The particle size distribution of the raw materials can be found in Fig. 1 .
VA with viscosity 201 000 mPa.s was provided by Shanghai Ying Jia Industrial Development Co., Ltd. SP used was a Glenium 51 obtained from BASF with solid concentration of 35%. For the rheology tests, a volume of 0.5 l was mixed in a planetary mixer according to the following procedure:
• All dry materials were mixed for two minutes at low speed (speed 1-60 rpm); • While mixing at speed 1, during approximately one minute, water mixed with SP was added; • The wet powders were mixed for the next two minutes at speed 1. In this phase it was possible to observe a significant change in the mixture's viscosity. A dough like consistence was achieved; • At moderate speed (speed 2-124 rpm), the dough like mixture was further mixed. At this phase the dough opens inside the mixing bowl, and the fibres get dispersed.
Rheology measurements
In order to obtain the four parameters (s 0 , a, t 0 , b) describing the paste flow a ram extruder was built. The design was based on the equipment reported by [48, 50, 64] and can be found in Fig. 2 . Three dies were applied with an internal diameter of 12.8 mm and length-to-diameter (L/d) ratios of 1, 4, and 8. The diameter of the piston (38.3 mm) was designed to minimize friction with the internal walls of the barrel (D = 38.4 mm) and to fit on a servo-hydraulic press (Instron 8872). Besides that, a Fluon ® (polytetrafluoroethylene) ring was used as the end of the piston to seal the gap between walls and minimizing friction. During the tests this region was always lubricated with a silicone release compound (Dow Corning 7, Dow Corning ® ). For each new experiment the piston and the ring were removed from the Instron actuator and washed with tap water and soap.
The ram extruder barrel was filled with the mixture under evaluation. For each portion placed inside the barrel, compaction with the help of a 30 mm diameter steel rod was done. Compaction of the paste inside of the barrel is important to avoid big pockets of air which would result in drastic drop on the pressure during the extrusion experiment. As soon as the barrel was filled, the piston was attached to the Instron actuator. Four different speeds of the piston were used by controlling the displacement rate of the Instron actuator while the reaction force to the imposed displacement of the fluid was measured by a load cell. This load was used to calculate the total pressure applied to the fluid. In Fig. 3 an example of the output data from the experiment is given. The ram extruder experiment was performed four times for each die. The first extrusion was not considered for the test, as its only function was to aid with the appropriate filling of the die. Hence, an average of the pressure at each extrusion speed of the three repetitions was used in the calculation.
From Eq. (2) a linear relation between the total pressure applied on the fluid and L/d ratios was obtained. Curve fitting employing a least square method was used for each of the curves in order to obtain the rheology parameters that characterize the fluid. As the experiment was done for four different extrusion speeds and three L/d ratio, an average of each of the components (s 0 , a, m, t 0 , b and n) could be obtained. Fig. 4 exemplifies the linear curve of total pressure drop versus L/d obtained from the experiment.
Printing trials
After the rheological characterization, printing trials were performed to assess the actual printability of the material. First, an initial test of the pumpability and extrudability was performed on 6 of the developed mixtures that were expected to show sufficient buildability based on their rheological characterization, as assessed both through visual inspection and their quantitative properties. The purpose of this trial was to establish whether the developed mixtures were compatible with the equipment, particularly whether the fibres would not cause blockage in the linear displacement pump, which features narrow cavities. Based on the observations in this initial trial, one mixture was subsequently selected for an object printing experiment.
For the preceding initial trials, mixed batches of the selected mixtures were fed to the pumping unit of the mixer-pump that is part of the 3DCP print facility of the Eindhoven University of Technology (TU/e) as described by [16] . The mixer unit of the mixer-pump was bypassed as the extent of mixing provided by this unit is insufficient for the developed mixtures. Therefore, batches were mixed using the procedure that was also applied for the rheological tests, and material from the mixed batch was inserted into the pumping unit of the mixer pump. The pump was connected to a 5 m, ø 2.5 cm hose. It was observed whether the material would be pumped without clogging, and whether the material could be transported through the hose.
In the object printing experiment, the TU/e 3DCP print facility, shown in Fig. 5 , was used in its entirety (except, again, for the mixing unit of the mixer-pump). The mixer-pump was connected to the print head with the standard 10 m, ø 2.5 cm hose. The standard print nozzle with a 40 × 10 mm mouth opening was used. Cylinder shapes with a print path (heart line) diameter of 500 mm were printed until failure. The appropriate print speed was established as 5000 mm/min (or 83.3 mm/s). The print time of a single layer, thus, was approximately 0.31 min (or 19 s). This geometry has been used previously by [65] to study buildability of another mixture. Overall behaviour was visually recorded and the number of stacked layers before failure counted.
Mechanical tests
The composites reinforced with 2% by volume of PVA fibres were also evaluated mechanically, to verify whether strain hardening failure behaviour had indeed been obtained. For these cases, a volume of 3 l was mixed following the same procedure described earlier. Fourpoint bending, and compressive tests were performed to evaluate the performance of the composite. Motivated by the outcomes of the research at the rheology measurement stage, only YVA4PVA20-S05 and XVA3PVA20 mixtures were chosen to have their tensile behaviour tested.
The samples were cast and kept sealed in their moulds for three days. Afterwards, they were demoulded and cured in a curing room at (20 ± 2)
• C and relative humidity of (98 ± 2)%. The compressive strength was measured at 14 and 28 days on 35 mm cubes, sawn from 40×40×160 mm beams. The samples for fourpoint bending test were sawn from 180×180×10 mm slabs, with approximate dimensions of 180×40×10 mm and tested at 28 days of curing. Finally, the samples for direct tensile test were sawed from 240×60×10 mm slabs, in the end reaching final dimensions of 150×40×10 mm and tested at 35 days of curing. The compressive test was done at loading rate of 2 kN/s. The four-point bending, with a test spam of 12 mm, and tensile tests were performed on the same servo-hydraulic Instron 8872 machine in which the extrusion tests were done. The employed deflection rate for the four-point bending was 0.01 mm/s and the tensile elongation rate was 1 lm/s, controlled by linear variable differential transformer (LVDT) sensors. It is important to observe that the specimens tested on uni-axial tensile test had upper and lower side glued on steel plates. The lower side was glued inside the servo-hydraulic machine to avoid bending while testing. Due to the high viscosity of the mixtures obtaining a homogeneous thickness while casting the samples was difficult, especially for the four-point bending specimens. Therefore, prior to the mechanical tests each individual specimen was measured at several locations.
Specimens undergoing tensile test had their frontal surface prepared for employment of digital image correlation (DIC). Their surface was painted white and randomly distributed black dots were made with a permanent marker. This pattern helps in enhancing the contrast needed for the DIC software to calculate the displacements during test. The open source software Ncorr2 was employed for the DIC [66] . A Cannon camera model EOS 6D with Tamron aspherical 28-75 mm lens was employed to obtain one picture each two seconds of test. An approximate resolution of 48lm/pixel was obtained.
Results
Rheology
The six parameters-approach according to Eq. (2) was chosen to characterize all mixtures, as a non-linear behaviour was identified. Fig. 6 illustrates the increase of total pressure of different extrusion speeds. In the following subsections, the influence of each of the mixture variables (viscosity modifier agent, water content, superplasticizer, and fibres) is detailed. A summary of all results is shown in Table 4 .
Effect of VA content
The effect of VA was investigated on matrix level. Four dosages of methylcellulose were employed: 0.1, 0.2, 0.3 and 0.4% of the total solids weight. The water-to-solid ratio and superplasticizer added were kept constant at 0.2 and 2% by total powder weight, respectively.
For both matrices, the increase of VA content directly influenced the initial bulk and shear yield stresses, as is visually shown in Fig. 7 , and quantitatively compared in Fig. 8 . The increase in these rheological parameters has direct effect on the shape stability of the printed material. Therefore, the employment of VA can contribute positively to the development of printable mix designs. Greater rheological parameters values were obtained for the X matrix, indicating that solid suspensions with smaller liquid-to-particles surface area ratio are more vulnerable to changes in the viscosity of the liquid phase. Fig. 10 . A summary of the effect of water-to-solid ratio on initial bulk and shear yield stress. This result is important to show how sensitive highly concentrated solid solutions, like the ones obtained for SHCCs or macro defect free cementitious composites, are to the adjustment of VA content.
Effect of water content
The influence of extra water in the mixtures was investigated at matrix level. By keeping the superplasticizer and methylcellulose Fig. 12. A summary of the effect of SP content on initial bulk and shear yield stress. constant, the effect of increasing the water-to-solid ratio from 0.2 to 0.3 was investigated.
As expected, a higher volume of water in the solution changes significantly the flowability of mixtures where the amount of liquid to wet the surfaces of the particles is already limited. Therefore, the decrease of X series' bulk yield stress was considerably larger than the one observed for SMCE, as reported in Fig. 10 . Anyhow, as the amount of liquid to lubricate the movement of the particles against each other is higher, the largest influence of the increase of the amount of water on the mixture can be observed on the shear yield stress. The influence of the water-to-solid ratio on the paste fluidity can be observed in Fig. 9 .
Effect of superplasticizer content
A subsequent investigation targeted the effect of the superplasticizer dosage at 1, 2, and 3% of the total powder phase. Keeping constant the percentages of methylcellulose and water-to-solid ratio it could be noticed that the influence on the rheology properties was not as remarkable as the one measured when the water-to-solid ratio was investigated.
The initial bulk yield stress increased or decreased whenever the amount of superplasticizer was changed from 1 to 3% (Fig. 12) . However, a decrease of approximately 32% of the initial shear yield stress when 1% of superplasticizer was employed on Y matrix was measured. This decrease might be correlated with the excess of liquid present in this solid suspension, as the particle size went up to 1 mm and there is a considerable high usage of fly ash. Visually, the influence of the amount of superplasticizer can be observed in Fig. 11. 
Effect of PVA fibre reinforcement
As described in the introduction, the goal of this research was to develop a printable SHCC mix design. Therefore, the influence of 1.0, 1.5 and 2.0% by total volume of fibre reinforcement on the above described matrices was studied. For both matrices (X and Y) the content of superplasticizer, methylcellulose and water-to-solid ratio were chosen to be 2%, 0.3% and 0.2 respectively.
For both mixtures, the fibre reinforcement increased considerably the initial bulk and shear yield stresses. The values of s 0 at least doubled when the fibre reinforcement was incorporated, as can be seen in Fig. 14 . Zhou et al. 2005 , explained this behaviour by attributing this increase to the raise of friction between fibres and particles in the matrix while the mixture is being extruded.
However, when the rheological properties of both mixtures were observed with the increasing volume of fibres, they demonstrated a different behaviour. The increased volume of fibres did not significantly change s 0 and t 0 for the X composites. On the other hand, the enlarged volume of reinforcement in the Y matrix significantly increased s 0 . These dissimilar effects can be attributed to the different particle size distributions of the respective composites. The   Fig. 16 . A summary of the effect on PVA fibres volume. X matrix was tailored to minimize the space between all the composing matrix particles, including the fibres. The Y matrix, on the other hand, presents larger gaps between the aggregates, where the increasing volume of fibres can be allocated. Visual inspections can be done with the help of Fig. 13 . There the shape stability of the extruded filaments as well as the influence of the volume of fibre reinforcement and 0.4% of VA can be assessed. Comparing the rheological results obtained and summarized in Fig. 14 with the images in Fig. 13 , provides a clear correlation between the shape stability and the increase values of initial bulk yield stress.
Effect of sand maximum grain size on Y reinforced by 2% of PVA fibres
Although the TU/e 3DCP facility [32] is capable of processing mixtures with a particle size of up to 2 mm, it was observed in preliminary trials that the probability of blockage in the pump system significantly decreased when a less viscous mixture was used or the maximum grain size was reduced. However, during the trials only with the pump, the probability of blockage was considerably higher when aggregates up to 1 mm were employed. This risk was only decreased when a less viscous mixture was employed at the expense of worsening the shape stability. As reported above, if more water or superplasticizer is added to this mixture the consequences would be the decrease on the initial bulk and shear yield stresses. Hence, those changes would lead to losses on the shape stability culminating with a less stable mixture which could segregate while the composite is pumped.
Therefore, the influence of the maximum grain size of sand used on Y composites was evaluated through the rheological parameters. Mixtures employing 0.3 and 0.4 wt.% of the total solid content of VA, with the maximum sand grain size of 0.5 mm, and keeping 2% of PVA fibres by volume, 2% of superplasticizer by total solid weight and 0.2 water-to-solid ratio were evaluated.
The results showed that by decreasing the maximum grain size of the sand slightly lowered the bulk yield stress of composites with 0.3 wt.% of VA, as it can be seen in Fig. 16 . However, when employing 0.4 wt.% of VA, the values of s 0 remained in the same range as the ones observed for composites employing 1 mm sand. Furthermore, the t 0 of composites with 0.3% of VA increased considerably in comparison with composites with 1 mm sand. This result demonstrates that the use of smaller maximum grain size for sand contributes to the development of a more packed composite with an initial bulk yield stress comparable to what was obtained for the X mixtures. In Fig. 15 , the influence of the sand grain size and the amount of VA can be observed.
Printing experiments
Initial trial
Based on the visual assessment and quantitative rheology properties, six mixtures were selected for the initial trial with the pump and a 5 m hose. The results are summarized in Table 5 . Two mixtures could not be pumped as they led to blockage of the linear displacement pump. It could therefore not be established whether they could be extruded through the 5 m hose. The blockages were likely caused by the maximum grain size of the respective mixtures that turned out to be incompatible with the pumping system. Excessive bulk and shear yield stresses of these mixtures were not the cause, as they were in the same range as those of the other mixtures.
One other (XVA4PVA20) could pass through the pump, but generated too much friction in the hose to be transported through it. This seems to correspond to a limit of shear yield stress having been exceeded for the system to which the mixture was applied, as it is higher than that of three mixtures that could both be pumped and transported. Further experiments are required to further elucidate the apparent relations between the rheological parameters bulk and shear yield stress on the one hand, and mixture behaviour in the printing process. Considering these results, for printing, the mixture with the highest bulk yield stress that still fulfils the pumpability and extrudability requirement (i.e. does not exceed the shear yield stress limit), should be selected, as it should result in optimal buildability. Thus, two mixtures (XVA3PVA20 and YVA4PVA20-S05) seem to be comparably suitable. Their shape stability is also visually apparent from the rheology tests, as shown in Figs. 13 (c) and 15(d) . For practical purposes, the YVA4PVA20-S05 mixture was selected for the object printing experiment. The third mixture (YVA3PVA20-S05), while being pumpable, was expected to have lower buildability due to the lower bulk yield stress, and was thus disregarded.
Object printing experiment
Analysis methods to predict the buildability are still under development. Wolfs et al. [65] have presented a solid mechanics based approach considering both stability and material failure effects, whereas others (Roussel [67] ) have proposed a rheology based failure criterion. As the print material develops from a highly viscous to a solid state after deposition, both approaches have merit. An extensive discussion of this issue falls outside the scope of this study. For now, a rheology based approximation of the expected buildability was calculated to be 17 layers, based on the measured bulk yield stress of (34.26 ± 1.98) kPa, an assumed mass density of 2000 kg/m 3 ,
and an average layer height of 0.01 m. The mixture has an excessive open time of more than 12 h. Therefore, structural build-up during printing was ignored in this estimation. The progress of the object printing experiment is shown in Fig. 17 . The object collapsed during printing of the 14th layer. The calculated 17 layers apparently is a considerable overestimation, but it is nevertheless in the same order of magnitude. The deviation is likely due to stability effects that depend on the 3D geometry, density variations, and dynamically changing loads caused by the deposition of the print filament. It may nevertheless be concluded that the mixture is printable, and further adaptations of it should be considered to improve buildability.
Mechanical properties
Among all evaluated mixtures, only those reinforced by 2 vol.% of fibres were evaluated mechanically. The influence of 0.3 and 0.4% by solid weight of VA, as well as the maximum grain size of the sand, were evaluated through compressive strength and four-point bending tests.
All tested mixtures delivered flexural hardening and developed a ductile behaviour, as given in Fig. 18 . Nevertheless, multiple cracks were more often observed in X series and in mixtures in which the smaller grain size of the sand was employed. This behaviour was expected since the size of aggregates influences the number of cracks and the crack pattern, as demonstrated by [68] . Additionally, larger aggregates can also make the dispersion of fibres more difficult, decreasing the number of fibres effectively bridging the cracks [69] . Fig. 19 summarizes the results from the four-point bending test.
Meanwhile, the compressive strength values of all analysed mixtures, listed in Table 6 , were significantly higher for X's, in comparison with the Y's. The amount of VA employed in the composites did not significantly influence the compressive strength or the flexural behaviour of the analysed composites, with the exception of the ones with sand up to 0.5 mm. Only in this case, composites with 0.4 wt.% of VA delivered higher performance. As demonstrated, the mechanical performance was not influenced by the amount of VA employed on X mixtures and 0.4 wt.% improves Y-S05 series.
Moreover, as discussed in the previous section, only XVA3PVA20 and YVA4PVA20-S05 were suitable for printing. Therefore, only these two mixtures were chosen to be investigated employing an uni-axial tensile test, in order to confirm their strain hardening and multiple crack behaviour. In Figs. 20 and 21 the "tensile stress versus strain" curve of both mixtures are plotted. It could be confirmed that the modified composites mix-design also showed high ductility and strain hardening behaviour.
In Figs. 22, 23 , 24, 25 the last pictures from the DIC analyses are shown. In pictures depicting the vertical displacements only elongations were shown. Regions in blue suffered less deformation than regions with colours closer to red, where the cracks are.
On pictures showing the horizontal displacements elongations and compressions are shown. There, zero displacements were demonstrated with yellow colours with elongations been demonstrated in red and compressions in blue. Through the DIC analysis the horizontal displacements could also be captured. Where the cracks were concentrated it was possible to observe areas with compressive values and some others in tension. These regions are believed to have fibres oriented with different angles, which emphasizes the importance of fibre dispersion in this type of composite. It is possible to observe that all samples developed at least two cracks, and specimens from the X series resulted in higher tensile performances and considerably greater number of cracks.
Conclusions
Through the experimental procedure carried out in this study, a methodology was presented to develop printable cementitious composite mix-designs based on fundamental rheological properties. The influence of rheology modifiers on the fresh and hardened state was evaluated for application in high performance cementitious composites. Visual inspection together with rheology parameters evaluation were employed to obtain an optimized SHCC mixture in terms of printability, shape stability and strain hardening behaviour. Printing experiments were conducted to compare the pumpability and extrudability of various mixtures. One mixture was used to print an object and evaluate buildability. Mechanical tests were performed to confirm the strain hardening behaviour of the developed mixtures. In summary the following conclusions can be drawn:
• Ram extruder with the Benbow-Bridgwater model are appropriate tools to develop printable cementitious composites. However, it is important to notice that the method has limitations. One example was the inability to predict the blockage of some mixtures in the pump.
• The employment of rheology modifiers is crucial for the development of high ductility cementitious composites, with doughlike consistency in the fresh state.
• The liquid-to-solid ratio of the solid suspension is more relevant to the shape stability of printable mixtures, than the amount of superplasticizer.
• For the development of printable cementitious mixtures, the particle size distribution and the liquid-to-total surface area of all solids are more relevant than the employment of rheology modifiers.
• The amount of rheology modifiers employed in the mix did not significantly influence the mechanical properties of most evaluated composites.
• XVA3PVA20 and YVA4PVA20-S05 are composites which have proven to have high mechanical performance and superior printing quality and therefore, must be considered for further developments in the construction printing industry. 
